The complete theory corresponding to a CE mechanism when applying cyclic chronopotentiometry to a spherical electrode of any size is developed. The influence of several variables on the transition time ratios, such as the electrode radius, rate constants of the homogeneous chemical reaction and current density, is discussed. A simple and practical criterion based on the variation of current density applied to the electrode is proposed for the detection of a CE mechanism.
Introduction
The study of a CE mechanism, in which the charge transfer reaction follows a homogeneous chemical reaction, has been reported in the literature using several chronopotentiometric techniques such as constant current chronopotentiometry [1] , chronopotentiometry with programmed current [2] [3] [4] , and alternating current chronopotentiometry [5] , and with planar and conventional sized spherical electrodes. In these techniques, only one current signal is applied to the electrode. However, electrochemical techniques in which the electrical perturbation (potential or current) is applied more than once are of great interest both analytically and kinetically [6, 7] . Thus, a more exhaustive study of this type of processes with kinetic complications can be made using cyclic chronopotentiometry, a classical electrochemical technique consisting of the application of several successive current steps of alternating signs to a determined electrode without the balance being recovered in the electrodesolution interphase. This technique was introduced by Herman and Bard in 1963 [8] , who applied it to plane electrodes, and its use has been shown for the qualitative and quantitative study of electrode processes [9] [10] [11] [12] [13] . The technique was extended to conventional sized spherical electrodes in references [14] [15] [16] .
In this paper, we have developed the theory concerning a CE mechanism in cyclic chronopotentiometry for spherical electrodes of any size, including planar electrodes and spherical ultramicroelectrodes as particular cases.
From this general theory, we analyse the response obtained in cyclic chronopotentiometry for a CE process and we discuss the influence of several variables, such as the electrode radius, on the transition time ratios (
the evolution of which with the number of current steps applied can be used as a criterion to establish the presence of kinetic complications. We have proved that the characteristic behaviour of the transition time ratios corresponding to a CE process with the chemical rate constants can be also attained by changing the density current applied, something that is very easy to do experimentally. We also indicate how to obtain kinetic information of the process, and we conclude that cyclic chronopotentiometry has real advantages over other techniques for the study of a CE mechanism.
Theory
The reaction scheme for the CE mechanism can be written as (see notation) We will consider a spherical static electrode of any size, and we will analyse the response of CE processes in cyclic chronopotentiometry. This technique consists of applying successive and alternating sign current steps in the following way 
where, for the sake of simplicity, it has been supposed that all the current steps have the same absolute value, 0 I . In this scheme, j t is the time during which a current step j ( 1 j = to k) is applied, and j τ is the time for which the change in sign is produced, being the transition time corresponding to any reduction of species O (forward transition times, 1 τ , 3 τ , 5 τ , …) or to any oxidation of species R (reverse transition times, 2 τ , 4 τ , 6 τ , …). Thus, during the application of the jth current step, the total time elapsed from the beginning of the experiment is given 
Under these conditions, when the jth current step is applied, the following equation system must be solved in order to obtain the expressions for the concentration profiles ( ( , )
with ˆi δ being the operator for the second Fick's law in spherical diffusion
where i D is the diffusion coefficient of species i, and r is the distance from the centre of the electrode to any point in the solution.
The boundary value problem is given by ( 1) 0, : 
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and if , 1 n j χ >> , then eq. (18) can be written as ( )
For conventional sized spherical electrodes, when , 1 n j χ >> , from eq. (16) we obtain ( ) 
The potential-time response for the jth ( 1 j = to k) current step can be deduced (8) and (9)), in the Butler-Volmer equation
r t k c r t nFA
Thus, we obtain the following expression
Eq. (23) can be simplified in two limit cases:
k → ∞ (reversible charge transfer reaction) we obtain, for any current step applied, the following expression
k << (totally irreversible charge transfer reaction), the response obtained depends on the sign of the current step applied: a) If j is odd (the sign of the current is positive and a reduction process takes place) ( ) ( )
b) If j is even (the sign of the current is negative and an oxidation process takes place) ( )
The expressions corresponding to the transition time of the jth current step (9) if j is even. Thus, we find
In the particular case 1 j = , from eq. (8) we obtain ( )
The equations deduced for the surface concentrations, potential-time response and transition time of a CE mechanism become those corresponding to a simple charge transfer reaction (E mechanism) when χ → ∞ (see Results and discussion). In these cases, our equations coincide with those obtained in reference [14] .
Experimental
In cyclic chronopotentiometry, successive current steps are applied according to scheme (II). Their sign is alternately changed at a time which may be less than the transition time corresponding to the jth current step, j τ , or equal to it. We will consider that the current is reversed when the transition time j τ is reached, which is actually the most common case in practice. Fig. 1.b) and in the contrary case of an irreversible electrochemical reaction (Fig. 1.c) . In these figures, the values of the transition times can be also observed.
In cyclic chronopotentiometry, it is of great interest to study the variation of the transition time ratios, defined with respect to the transition time of the first electrochemical reaction, 1 τ , as
with the number of alternating current steps applied, j, since it allows us to characterize the electrode process. It is useful to plot the transition time ratios vs.
j for the CE mechanism, as well as those obtained for an E mechanism, which is taken as a reference. As can be deduced from eq. (28), the transition time obtained for a CE mechanism when a reduction process takes place (j odd) is given as a function of the equilibrium and rate constants of the chemical reaction. However, when an even current step is applied (eq. (29)), the transition time does not depend explicitly on these parameters. Thus, odd transition time ratios show a behaviour quite different to that observed for even ones, and that is why they need to be studied separately. However, both figures show a different behaviour. Thus, for even values of j, the transition time ratios always increase with the number of current steps applied (Fig 2.b) , while, if j is odd ( Fig. 2.a) , the ratios j a exhibit the most characteristic behaviour of the CE mechanism: there is a range of values of 1 2 k k Fig. 2 .a) for which the transition time ratios first decrease but then increase with the growing number of current steps applied. As can be observed, this does not occur with an E mechanism ( j a always decrease with j). Therefore, it is possible to characterize a CE mechanism by changing the rate constants, which The existence of a CE mechanism can be shown as well if we change the current density applied to the electrode, that is, if we change the variable CE N (eq. (11)).
In Fig. 3 we have plotted the transition time ratios corresponding to a CE mechanism (planar electrode) vs. j (j odd in Fig. 3 .a and j even in Fig. 3.b) for several values of CE N . As in Fig. 2 , the curve labelled with "E" corresponds to an E mechanism. This figure has been prepared with a value of the rate constants ( 1 2 10
for which the odd transition time ratios do not show the typical behaviour of a CE mechanism in the conditions of Fig. 2 .a. From the analysis of Fig. 3 .a we can conclude that:
a) The variation of CE N has an influence on the ratios j a . This does not occur in an E mechanism, where the transition time ratios are independent on the current density applied for planar electrodes (and a similar behaviour is observed for spherical electrodes).
b) The transition time ratios show the peculiar behaviour described above for high values of CE N , and so we can characterize a CE mechanism by changing the current density applied, what is very easy to do experimentally.
Thus, an increase of CE N achieves the same effect as a possible or hypothetic diminution of 1 2 k k + , and therefore, it is a way of externally modifying, through an experimental variable, the mobility of the chemical equilibrium coupled to the charge transfer reaction.
In order to analyse the influence of the sphericity, in Fig. 4 we have plotted the variation of the transition time ratios corresponding to a CE mechanism with j,
for several values of 0 r .
As can be observed, the ratios j a decrease always when 0 r diminishes. The behaviour is qualitatively the same as that shown for a planar electrode, but, from a quantitative point of view, the effect exerted by the electrode radius on the transition time ratios is very important, and becomes greater with the growing number of current steps applied. Therefore, it is specially important in cyclic chronopotentiometry, and it is consequently of great interest to have deduced equations available that take into account the sphericity of the electrode. The study of the transition time ratios can also be used to calculate the rate constants of the chemical reaction coupled to the charge transfer reaction, as has been pointed out in reference [9] . The rate constants can be determined by comparing theoretical and experimental 1 j τ τ vs. j curves. This method is more advantageous than that described in references [3, 4, 16] , where constant current and current reversal chronopotentiometry are used, because in the first case we obtain all the kinetic information from only one transition time measurement ( 1 τ ), and in the case of current reversal, the ratio 2 1 τ τ is independent on kinetic parameters. However, in cyclic chronopotentiometry we can apply as many current steps as we want to. 
Notation and definitions
By introducing the variables:
( ) ( ) ( )
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This problem can also be solved by introducing the variables In such a way, the differential equation system (A8) becomes
where ˆi δ is now
By supposing that and using the dimensionless parameters method [17] to solve the differential equation system (A8), we obtain the following solutions: Thus, the concentration profiles (eqs. (A50)-(A52)) are totally determined. From the expressions for the concentration profiles, we can deduce those corresponding to the surface concentrations of species involved in a CE mechanism, which are given by eqs. (7)- (9) in theory.
